INTRODUCTION {#s1}
============

Pulmonary arterial hypertension (PAH), the leading cause of right heart failure, is associated with a high mortality rate. There is no cure for human PAH and approximately 20,000 people die annually of PAH in the United States \[[@R1]\]. PAH is characterized by structural remodeling of distal pulmonary arteries, causing vessel wall thickening and luminal occlusion by vascular smooth muscle and endothelial cell (EC) proliferation \[[@R2]-[@R4]\]. Clinically, PAH exhibits elevated pulmonary arterial pressure (PAP) and right ventricular hypertrophy \[[@R5]\]. Although it is well known that pulmonary microvascular remodeling plays a crucial role in the progression of the disease, the underlying mechanisms are not well defined. The endothelium plays a crucial role in vascular remodeling. Abnormalities in endothelial cell proliferation, differentiation and cross-talk to pericytes and vascular smooth muscle cells (VSMCs) are basic mechanisms underlying the pathogenesis of many cardiovascular diseases, including PAH and atherosclerosis. Despite increased knowledge about the role of endothelial dysfunction in the pathogenesis of PAH \[[@R2]\], how pulmonary endothelial dysfunction initiates pulmonary vascular remodeling and PAH remains unknown. A recent study highlighted the importance of endothelial cell/pericyte interactions in the pulmonary arterial remodeling in PAH. They found that pulmonary endothelial dysfunction disrupts FGF2/IL-6 signaling and increases microvascular pericyte coverage, which contributes to remodeling of small pulmonary arterioles in PAH \[[@R6]\].

Prolyl hydroxylase domain proteins (PHD) are the oxygen sensing molecules that form a complex von Hippel-Lindau protein (VHL) and degrade hypoxia inducible factor-α (HIF-α) \[[@R7]-[@R10]\]. There are at least three PHD isoforms in mammals, including PHD1, PHD2 and PHD3 \[[@R7], [@R11]-[@R13]\]. Based on its expression pattern and dominant effects under normoxic conditions, PHD2 is considered as the most important HIF-α-regulating isoform in the lung \[[@R14]-[@R16]\]. PHD2 is also essential during embryogenesis. Disruption of PHD2, but not PHD1 or PHD3, is lethal during embryonic development \[[@R17]\]. In pulmonary circulation, HIF-2α is strongly expressed in EC of the lung and is a key mediator in the development of pulmonary hypertension \[[@R18]-[@R20]\]. Studies in humans, suggest a role for the HIF-α hydroxylase system, particularly the PHD2/HIF-2α pathway, in the regulation of pulmonary vascular function in response to hypoxia \[[@R21]-[@R23]\]. In mice, activation of HIF-2α promotes the development of pulmonary hypertension and right ventricular hypertrophy \[[@R18]\]. In contrast, heterozygous inactivation of HIF-2α in adult mice attenuates pulmonary hypertension and blunts right ventricular hypertrophy in response to chronic hypoxia \[[@R19]\]. The importance of HIF-2α in pulmonary hypertension is further evidenced in a mouse model of the human disease, Chuvash polycythemia. In this model, mice with a hypomorphic VHL reduces HIF-2α degradation and upregulates HIF-2α, thus leading to pulmonary hypertension \[[@R24]\]. The development of pulmonary hypertension in this model is partially rescued by homozygous inactivation of HIF-2α \[[@R24]\]. These studies reveal a direct involvement of HIF-2α in the development of pulmonary hypertension. However, the molecular mechanisms underlying the activation of HIF-2α, especially in vascular endothelium have not been clearly defined in pulmonary hypertension. Our recent study indicates that knockout of PHD2 increases EC/pericyte coverage *via* activation of the HIF-2α/Notch3 signaling pathway in the lung of LPS-treated mice \[[@R25]\]. Based on these findings, we hypothesize that specific knockout of PHD2 in EC would promote remodeling of pulmonary arterioles and lead to pulmonary hypertension by increasing pericyte coverage.

The present study examined the contribution of endothelial PHD2 signaling pathway in the development of pulmonary arterial hypertension using a novel endothelial-specific PHD2 knockout (PHD2^EC^KO) mouse that we developed. PHD2^EC^KO mice developed elevated pulmonary arterial pressure and right ventricular hypertrophy. The development of PAH was associated with remodeling of pulmonary arterioles, which was induced by HIF-2α activation, upregulation of Notch3/TGF-β and increased the pericyte coverage.

RESULTS {#s2}
=======

Development of pulmonary hypertension with a diastolic dysfunction in PHD2^EC^KO mice {#s2_1}
-------------------------------------------------------------------------------------

We established an EC specific PHD2 knockout strain from mice by crossing a PHD2^f/f^ mouse with a Cdh5-Cre mouse reported to express Cre specifically in endothelial cells throughout the body. The results presented in [Supplemental Figure 1](#SD1){ref-type="supplementary-material"} confirmed the loss of the PHD2 allele by tail DNA PCR analysis in mice. We also confirmed the loss of the expression of PHD2 protein in three independent EC lines isolated from PHD2^EC^KO mice ([Supplemental Figure 2](#SD1){ref-type="supplementary-material"}).

We used 15-month-old male PHD2^EC^ KO and control mice to determine the consequences of loss of endothelial PHD2. Body weight of the two groups were 38.8±2.1 g and 44.7±3.3 g, respectively. No significant difference between the two groups was found (*p* = 0.143). The measurement of baseline hemodynamics of the pulmonary artery revealed that PHD2^EC^KO mice had developed a pulmonary hypertension with a significant increase RVSP (Figure [1A](#F1){ref-type="fig"}). The right ventricular weight/tibia length was increased significantly in PHD2^EC^KO mice compared to PHD2^f/f^ control littermates (Figure [1B](#F1){ref-type="fig"}). There was no significant difference in the hematocrit between PHD2^EC^KO and PHD2^f/f^ mice (Figure [1C](#F1){ref-type="fig"}), suggesting that the elevation of RVSP following knockout of PHD2 in EC was not due to an increased number of red blood cells and polycythemia.

![Development of pulmonary hypertension in PHD2KO mice\
**A.** The baseline hemodynamics of the pulmonary artery measurement showed that PHD2^EC^KO mice displayed elevation of right ventricular systolic pressure (RVSP). RVSP was significantly increased in PHD2^EC^KO mice compared with the PHD2^f/f^ mice (*n* = 8-9 mice). **B.** The ratio of right ventricular/tibia length was significantly increased in PHD2^EC^KO mice (*n* = 6-7 mice). **C.** No significant differences in the hematocrit (Hct) were found between PHD2^EC^KO mice and PHD2^f/f^ mice (*n* = 7-8 mice). Mean±SEM, \**p* \< 0.05, \*\**p* \< 0.01.](oncotarget-07-58848-g001){#F1}

To further examine the functional consequences of endothelial PHD2 inactivation, we performed echocardiography. Transmitral inflow measured by Doppler ultrasound further revealed that the mitral valve E/e\' ratio and tricuspid valve E/e\' ratio were significantly increased, indicating both left and right ventricular diastolic dysfunction in the PHD2^EC^KO mice (Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}). Moreover, knockout of PHD2 in EC significantly elevated pulmonary arterial pressure (PAP) compared to the PHD2^f/f^ mice (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}).

![Right ventricular dysfunction in PHD2KO mice\
**A.** and **B.** The peak velocity of flow (E) and tissue (e\') were measured by echocardiography. The ratio of peak velocity of flow (E) and tissue (e\') is calculated. A significant difference in E/e\' of MV and TV was found in the PHD2^f/f^ and PHD2^EC^KO mice. (*n* = 9-11 mice). **C.** and **D.** There was a significant difference in tricuspid regurgitation (TR) with higher pulmonary arterial pressure (PAP) in PHD2^EC^KO mice compared with the PHD2^f/f^ mice (*n* = 9-11 mice). Mean±SEM, \**p* \< 0.05, \*\**p* \< 0.01.](oncotarget-07-58848-g002){#F2}

Pulmonary arterial remodeling in the PHD2^EC^KO mice {#s2_2}
----------------------------------------------------

As shown in Figure [3A](#F3){ref-type="fig"}, H&E staining indicated that the number of muscularized arterioles (\< 1,000 μm) were dramatic increased in the lungs of PHD2^EC^KO mice. Moreover, the medial thickness of small pulmonary arteries (media/ to lumen ratio) was increased significantly compared with the controls (Figure [3A](#F3){ref-type="fig"}).

Lung sections were double stained with the EC marker, IB4, and the vascular smooth muscle cell marker, SMA, to assess pulmonary arterial remodeling. High-magnification images further confirmed these alterations, especially in small pulmonary arteries measuring \< 1,000 μm. We therefore calculated the area of SMA/IB4 of pulmonary arteries of similar diameter (250-500 μm). As shown in Figure [3B](#F3){ref-type="fig"}, the area of SMA/IB4 staining was significantly increased in the PHD2^EC^KO mice. The expression of β-MHC protein that was associated with VSMCs proliferation, was significantly increased in the PHD2^EC^KO mice (Figure [3B](#F3){ref-type="fig"}). To confirm that PHD2 was absent in the endothelium, we double stained the lung tissue with PHD2 (red) and endothelial marker IB4 (green). In the PHD2^EC^KO mice, PHD2 positive cells were only seen in the perivascular region, but not in the endothelium of small pulmonary arteries. In the PHD2^f/f^ mice, PHD2 positive cells were observed in the vessel endothelium (yellow) (Figure [3C](#F3){ref-type="fig"}).

![Deletion of PHD2 in EC caused pulmonary arterial remodeling in mice\
**A.** H & E staining showed that there was a significant increase in the number and thickness of small pulmonary arteries in the PHD2^EC^KO mice compared with that of the PHD2^f/f^ mice. Arrows show the small arteries. The number of muscularized arterioles (\< 1,000 μm) was significantly increased in the lungs of the PHD2^f/f^ mice (*n* = 6 mice). The media to lumen ratio of pulmonary arteries was significantly increased in the PHD2^f/f^ mice (*n* = 6 mice). **B.** Immuno-histo-staining VSMC with SMA (red) and endothelial cells with IB4 (green) showed an increase in thickness of small pulmonary arteries in the PHD2^EC^KO mice. Area of SMA/IB4 (*n* = 3 mice) and the expression of β-MHC by western blot (*n* = 6-7 mice) were significantly increased in the PHD2^EC^KO mice. **C.** PHD2 (red) was absent in the endothelium (green). There was co-staining of EC and PHD2 (yellow) on the endothelium of PHD2^f/f^ mice, but not in the PHD2^EC^KO mice. The expression of PHD2 was significantly reduced in the lung tissue of PHD2^EC^KO mice, which was confirmed by both immuno-histo-staining (*n* = 5 mice) and western blot (*n* = 6-7 mice). **D.** Western blots analysis showed that the expression of HIF-1α, HIF-2α and Ang-1 was significantly increased in the PHD2^EC^KO mice (*n* = 6-7 mice). Mean±SEM,\**p* \< 0.05, \*\**p* \< 0.01.](oncotarget-07-58848-g003){#F3}

Western blot analysis further indicated there was a significant decline in the expression of PHD2 in the lung of PHD2^EC^KO mice (Figure [3C](#F3){ref-type="fig"}). This was accompanied by a significant increase in the expression of HIF-1α and HIF-2α. The expression of angiopoietin-1 was also significantly increased in the lung of PHD2^EC^KO mice (Figure [3D](#F3){ref-type="fig"}).

Notch3 signaling is implicated in the control of smooth muscle cell proliferation leading to the development of PAH \[[@R26]\]. The immunofluorescence study revealed that Notch3 (red) was upregulated in the lung of PHD2^EC^KO mice compared to the controls (Figure [4A](#F4){ref-type="fig"}). Our western blot analysis further confirmed that the expression of Notch3 was upregulated in the lung of PHD2^EC^KO mice (Figure [4B](#F4){ref-type="fig"}). In addition, we found that Notch3 was mainly expressed in the vessel wall (IB4), suggesting that increased Notch3 may contribute to the medial thickness of small pulmonary arteries in the PHD2^EC^KO mice.

![Deletion of PHD2 in EC upregulated Notch3 expression in mice\
**A.** The immunofluorescence staining showed that NOTCH3 (red) was mainly expressed in the vessel wall, which was double stained with NOTCH3 and IB4 (yellow). The area of NOTCH3/per vessel was significantly increased in PHD2^EC^KO mice compared with that of the PHD2^f/f^ mice. (*n* = 5 mice). **B.** Western blot analysis further revealed that the expression of Notch3 was increased in the PHD2^EC^KO mice (*n* = 6-7 mice). Mean±SEM, \**p* \< 0.05, \*\**p* \< 0.01.](oncotarget-07-58848-g004){#F4}

Knockout of PHD2 in EC increases pericyte recruitment in pulmonary arteries {#s2_3}
---------------------------------------------------------------------------

Since the recruitment of pericytes plays a critical role in the development of PAH, we examined the pericytes in the pulmonary artery. In the PHD2^EC^KO mice, there were more NG2 positive cells around the pulmonary artery and increased pericyte coverage (NG2/IB4) compared to PHD2^f/f^ mice (Figure [5A](#F5){ref-type="fig"}). Western blot analysis also indicated a significant increase in the expression of NG2 in the lung of PHD2^EC^KO mice (Figure [5B](#F5){ref-type="fig"}).

TGF-β has been reported to be upregulated in pulmonary hypertension and contribute to an increase in pericyte coverage \[[@R6]\]. In the present study, not only the number of TGF-β^+^ or NG2^+^ positive cells was significantly increased, but also more TGF-β^+^ and NG2^+^ double positive cells (yellow) were found in the lung of PHD2^EC^KO mice (Figure [5C](#F5){ref-type="fig"}). Similarly, the expression of TGF-β detected by western blot was significantly increased in the lungs of PHD2^EC^KO mice (Figure [5D](#F5){ref-type="fig"}), suggesting that pericytes may be recruited and differentiated into VSMCs *via* upregulation of the TGF-β signaling pathway.

![The recruitment of pericyte in the pulmonary arteriole\
**A.** The pericyte marker NG2 (red) stained positive cells were more abundant in the small pulmonary arteries of PHD2^EC^KO mice than that in the PHD2^f/f^ mice. The coverage area of NG2/IB4 was significantly higher (*n* = 5 mice). **B.** The western blot analysis revealed a significantly higher expression of NG2 protein in the PHD2^EC^KO mice (*n* = 6-7 mice). **C.** Immuno-staining revealed that the number of TGF-β^+^ (green) cells was increased in the small pulmonary arteries of PHD2^EC^KO mice. More TGF-β^+^/NG2^+^ cells (yellow) were found around the small pulmonary arteries of PHD2^EC^KO mice. The area of TGF-β^+^/NG2^+^ and the expression of TGF-β were increased significantly in the small pulmonary arteries of PHD2^EC^KO mice compared with that of the PHD2^f/f^ mice (*n* = 5 mice). **D.** The western blot analysis revealed that the expression of TGF-β was increased in the PHD2^EC^KO mice (*n* = 6-7 mice). Mean±SEM, \*\**p* \< 0.01.](oncotarget-07-58848-g005){#F5}

Knockout of PHD2 in EC increases pulmonary arterial perivascular fibrosis {#s2_4}
-------------------------------------------------------------------------

There was a dramatic increase in fibrosis formation in the small pulmonary arteries of PHD2^EC^KO mice (Figure [6A](#F6){ref-type="fig"}, blue) relative to age matched PHD2 floxed littermates. We further found that FSP-1, a marker of pericytes and differentiation of VSMCs to fibroblasts, was significantly increased in the PHD2^EC^KO mice detected by both western blot analysis and immunohistochemistry. The pulmonary vascular wall was double stained with NG2 (red) and FSP-1 (green) (Figure [6B](#F6){ref-type="fig"}). The co-staining study showed that the number of NG2^+^/FSP-1^+^ was significantly increased and scattered around the pulmonary arteries, indicating that pericytes may differentiate not only into VSMCs, but also into fibroblasts in the small pulmonary arteries (Figure [6B](#F6){ref-type="fig"}).

![The Relationship between the Pericytes and fibrosis\
**A.** Masson trichrome staining showed that there was a dramatic increase in fibrosis formation (blue) in the small pulmonary arteries of PHD2^EC^KO mice. **B.** In the PHD2^EC^KO mice, both pericyte marker NG2 (red) and myo-fibroblast marker FSP-1 (green) stained cells were increased and scattered around the arteriolar. The area of FSP-1/NG2 measured by immunofluorescence was increased significantly in the small pulmonary arteries of PHD2^EC^KO mice compared with that of the PHD2^f/f^ mice (*n* = 4-5 mice). There was a significant increase of FSP-1 expression in the PHD2^EC^KO mice detected by western blot analysis. (*n* = 6-7 mice). Mean±SEM, \**p* \< 0.05, \*\**p* \< 0.01.](oncotarget-07-58848-g006){#F6}

DISCUSSION {#s3}
==========

In the present study, we found that specific deletion of PHD2 in the endothelium resulted in a significant rise in pulmonary arterial pressure together with right ventricular hypertrophy and dysfunction in mice. Furthermore, knockout of PHD2 in EC led to excessive pericyte coverage and perivascular fibrosis in pulmonary arteries. Mechanistically, knockout of PHD2 in EC upregulated Notch3/TGF-β levels that may increase pericyte coverage and promote differentiation into myofibroblasts. These results suggest an important role of endothelial PHD2 in the regulation of pericyte/VSMC recruitment and pulmonary vascular remodeling in PAH.

Pulmonary arterial remodeling is a hallmark of pulmonary hypertension \[[@R4], [@R5]\]. PAH is characterized by structural remodeling of small pulmonary arteries and arterioles, causing thickening of the vessel wall, and luminal occlusion by VSMCs and proliferation of endothelial cells \[[@R4], [@R5], [@R27]\]. During this progress, pulmonary vascular remodeling is one of the major contributors to the elevated pulmonary arterial pressure \[[@R28]-[@R31]\]. In PHD2^EC^KO mice, pulmonary hypertension and right ventricular hypertrophy were demonstrated. We speculated that this was due to the remodeling of pulmonary arteries, as evidenced by a significant increase the number of small muscularized arterioles and media/lumen ratio. The increased expression of β-MHC and SMA of pulmonary arteries in PHD2^EC^KO mice further supported the notion that PAH was associated with the proliferation of VSMCs. The perivascular interstitial fibrosis was also increased in the PHD2^EC^KO mice. These structural alterations may result in a reduction of compliance of small pulmonary arteries, which leads to right ventricular hypertrophy. Our echocardiograph revealed severe deterioration of diastolic dysfunction in PHD2^EC^KO mice. A previous study showed that global PHD2 conditional knockout mice developed severe polycythemia which contributes to heart failure \[[@R32]\]. Our study found a relatively normal hematocrit that excluded the possibility that the development of PAH and heart failure was mediated by erythropoiesis in PHD2^EC^KO mice.

Pericytes are vascular mural cells of mesenchymal origin, embedded in the basement membrane of the microvasculature, where they make specific local contacts with endothelium \[[@R33], [@R34]\]. For a long time, pericytes were thought to solely maintain capillary tone. However, recent genetic studies involving mouse mutants with reduced pericyte coverage of blood vessels indicate that pericytes actually have multiple effects on the vasculature. For example, capillary permeability is controlled by pericytes in the blood-brain barrier (BBB) \[[@R35], [@R36]\]. Detachment of pericytes from endothelial cells are associated with increased brain vascular permeability and impairment of BBB function \[[@R37]\]. In contrast, increased pericytes in distal pulmonary arteries, which function as a source of smooth muscle-like cell, causes pulmonary arterial medial thickening in human PAH and in rodent models of pulmonary hypertension \[[@R6]\]. Pericytes have also been shown to play a role in fundamental pathological processes including fibrosis, inflammation, thrombosis, and vessel calcification \[[@R38], [@R39]\]. HIF hydroxylase system plays a critical role in the regulation of vascular remodeling. In a recent study we showed that knockout of PHD2 prevents pericyte loss and increases pericyte/EC coverage in the lung of LPS treated mice \[[@R25]\]. However, the direct roles of endothelial PHD2 on pulmonary arterial remodeling and pericyte/EC coverage have not been previously investigated. In the present study, we found excessive pericyte coverage together with increased perivascular interstitial fibrosis in the PHD2^EC^KO mice. Although the origin of myofibroblasts in the lung remains controversial, three sources of precursor cells have been indicated: resident pericytes, mesenchymal stem cells, and alveolar epithelial cells \[[@R40]-[@R44]\]. Our data indicate that the number of NG2^+^ /FSP-1^+^ pericytes and FSP-1 levels were significantly increased in the pulmonary arteries of PHD2^EC^KO mice, suggesting that pulmonary arterial pericytes may differentiate into myofibroblasts. TGF-β is a ''master switch\'\' in the differentiation of myofibroblasts in many tissues, including lung and heart. In the present study, we found that the number of NG2^+^ /TGF-β^+^ cells and the expression of TGF-β were significantly increased. These data provide a strong evidence that activation of TGF-β signaling pathways may contribute to pericyte differentiation into myofibroblasts in PHD2^EC^KO mice. Although the pulmonary vascular remodeling was evident at aged mice, the current study did not examine the early alterations of pulmonary vasculature in the PHD2^EC^KO mice. It is unknown at what time point these vascular remodeling occurred. A recent study revealed that knockout of PHD2 exhibited spontaneous severe PAH with extensive vascular remodeling at early age (3.5 months of age). These mice also exhibited progressive mortality, and higher death rate at 6 months of age \[[@R45]\]. In this study, Cre promoter was used to drive the deletion of PHD2 both in endothelial cells and hematopoietic cells (HCs) \[[@R45]\]. In our study, we had used endothelial specific VE-Cadherin-Cre (Cdh5-Cre) promoter to specific deletion of PHD2 in EC. Although very similar phenotype of pulmonary vascular remodeling was observed, the endothelial specific PHD2KO mice in our laboratory had a lower mortality and were able to survival after 15 months. Taken together, our study strongly suggests that the expression of PHD2 in endothelial cells plays a critical role in preventing pulmonary arterial remodeling.

Although accumulating evidence clearly supports the notion that pulmonary pericytes are potential source of VSMC-like cells that contribute to PAH pulmonary vascular remodeling \[[@R6]\], the underlying mechanisms that increase pericyte number and cause excessive pericyte coverage remain undefined. Notch3 expression is upregulated in human PAH \[[@R26]\]. Notch3 has been shown to regulate pericyte number and pericyte/EC coverage \[[@R46], [@R47]\]. However, little is known about Notch3 effects on pericyte density in pulmonary arterial remodeling. Our previous study suggests that PHD2 may regulate lung microvascular pericyte/EC coverage *via* upregulation of HIF-2α and Notch3 signaling pathways in the LPS-induced sepsis model \[[@R25]\]. Here, we found that specific deletion of PHD2 in EC upregulated HIF-2α and Notch3 in the pulmonary arteries. These results suggest the importance of Notch3 activation in the excessive pericyte coverage and VSMC proliferation of PAH. Ang-1, as a pericyte-derived paracrine mediator for the endothelium, is essential for pericyte recruitment and vessel maturation/stabilization. Our data show that Ang-1 levels were significantly increased in the lungs of PHD2^EC^KO mice. Overexpression of Ang-1 has been shown to promote pulmonary VSMC proliferation and is associated with the development of human PAH \[[@R48], [@R49]\]. Previously, we have shown that overexpression of Ang-1 increases VSMC *via* upregulation of Notch3 \[[@R50]\]. Taken together, these data implicate that Ang-1/Notch3 signaling pathway may be involved in the reciprocal communication between endothelial cells and pericytes. We speculate that deficiency of PHD2 in EC enhances EC-pericyte communication by increasing endothelial derived Ang-1 which modifies Notch3 and pericyte proliferation and recruitment, thus ultimately leads to excessive pericyte coverage in the pulmonary vasculature of PHD2^EC^KO mice.

In summary, our current work demonstrates a novel role of endothelial PHD2 in the pulmonary arterial remodeling of PAH. Deletion of PHD2 in the lung microvascular endothelium increased the number of pericytes, and promoted pericyte becoming myofibroblasts and VSMCs. The excessive pericyte coverage induced by the PHD2 deletion in the vascular endothelium was mediated by activation of HIF-2α/NOTCH3/TGF-β signaling pathway. The PHD2/HIF-2α pathway in the endothelium may be a novel candidate therapeutic target for chronic pulmonary diseases linked to PAH and pulmonary fibrosis.

MATERIALS AND METHODS {#s4}
=====================

Generation of the PHD2^flox/flox\ (f/f)^ and PHD2^ECKO^ mice {#s4_1}
------------------------------------------------------------

PHD2^flox/flox^ (PHD2^f/f^) mice were obtained from Dr. Guo-hua Fong at University Connecticut. PHD2 ECKO mice were generated using the Cre-LoxP system as shown in [Supplemental Figure 1](#SD1){ref-type="supplementary-material"}. In brief, exon 2 of *Phd2* gene in PHD2^f/f^ mice was flanked with LoxP sites, for subsequent deletion by Cre recombinase. PHD2^f/f^ mice were crossbred with VE-Cadherin-Cre (Cdh5-Cre) transgenic mice \[B6.FVB-Tg (Cdh5-cre) 7Mlia/J\] obtained from Jackson Laboratories that express Cre recombinase under the control of the Cdh5 promoter in vascular endothelial cells. The resulting Cdh5-Cre/PHD2^flox/-^ heterozygous mutants were then mated with PHD2^f/f^ to obtain endothelial-specific ablated PHD2 mutant mice (PHD2^EC^KO) and PHD2^f/f^ mice. Experiments were performed on male mice at 15 months of age. Genotyping was performed by tail DNA PCR analysis. Tail DNA was obtained using Direct PCR (Tail) lysis buffer containing freshly prepared 0.5 mg/ml Proteinase K (VIAGEN Biotech, CA). Primer sequences used for genotyping the floxed *Phd2* allele were as follows: *Phd2* Forward 5′-CAA ATG GAG ATG GAA GAT GC-3′; and *Phd2* Reverse 5′-TCA ACT CGA GCT GGA AAC C-3′. The Cdh5-Cre transgene was detected using the following primers: transgene Forward 5′-GCG GTC TGG CAG TAA AAA CTA TC-3′ and transgene Reverse 5′-GTG AAA CAG CAT TGC TGT CAC TT-3′; internal positive control Forward 5′-CTA GGC CAC AGA ATT GAA AGA TCT-3′ and internal positive control Reverse 5′-GTA GGT GGA AAT TCT AGC ATC ATC C-3′. Primer sequences used for genotyping Phd2 ECKO were as follows: ECKO Forward 5′-AAC TCC GCC AAG CAG GTC AGA A-3′ and ECKO Reverse 5′-CCC GAA GAA CGA TAC CGT CGA G-3′. The PCR products were analyzed on 1.5% or 2% tris-acetate-EDTA (TAE) agarose gels stained with ethidium bromide ([Supplemental Figure 1](#SD1){ref-type="supplementary-material"}). To further confirm the deletion of PHD2 in vascular endothelium in the Cdh5-Cre/PHD2^flox/-^ heterozygous, lung microvascular endothelial cells were isolated and cultured. The expression of PHD2 and HIF-2α was examined by western blot analysis in these cells ([Supplemental Figure 2](#SD1){ref-type="supplementary-material"}).

### Right ventricular systolic pressure (RVSP) {#s4_1_1}

Experimental and sham control mice were anesthetized with ketamine (100 mg/kg) plus xylazine (15 mg/kg), intubated and artificially ventilated with room air. A 1.4-Fr pressure-conductance catheter (SPR-839, Millar Instrument, Houston, TX) was inserted into the right ventricle (RV) to record baseline hemodynamics of the pulmonary artery. The right ventricular systolic pressure (RVSP) was calculated and indexed as mmHg.

Echocardiograph {#s4_2}
---------------

Murine transthoracic echocardiography was performed with a Vevo 770 high-resolution micro-ultrasound system (Visualsonics Inc, Toronto, Canada). Flow through the mitral and tricuspid valves (E) and tricuspid regurgitation (TR) were measured by pulsed-wave Doppler. Tissue Doppler imaging (TDI) was used to detect the velocities of mitral and tricuspid annular movement (e\'). E/e\' ratio and pulmonary artery pressure (PAP) were calculated according to guideline recommendations \[[@R51], [@R52]\].

Western blot analysis {#s4_3}
---------------------

Mouse lung tissues were homogenized with an ice-cold lysis buffer. The homogenates were centrifuged at 12,000 rpm for 15 minutes at 4°C and the total protein concentrations were determined using a BCA protein assay kit (Pierce Co, IL). An aliquot (30 μg) of the protein lysate was separated on a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane by electrophoresis. The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline and incubated with the following primary antibodies overnight: neural glial antigen (NG) 2, fibroblast specific protein (FSP) -1 (1:1000, abcam), PHD2, HIF-1α and HIF-2α (1:1000, Novus Bio, CO), Notch3, β-myosin heavy chain (MHC), transforming growth factor (TGF)-β and Ang-1 (1:1000, Sigma, MO). The membranes were then washed and incubated for 2 hours with an anti-rabbit or anti-mouse secondary antibody conjugated with horseradish peroxidase (1:5000, Santa Cruz, CA). Densitometric analysis of the bands were carried out using image acquisition and analysis software (TINA 2.0).

Histological and immunofluorescence analysis {#s4_4}
--------------------------------------------

Lung tissues were fixed with buffered 10% formalin solution (SF93- 20; Fisher Scientific, Pittsburgh, PA), embedded in frozen optimal-cutting-temperature compound (4583; Sakura Finetek, Torrance, Calif) and 10μm frozen sections prepared. Some sections were stained with Hematoxylin & eosin (H & E). Pulmonary arterial media to lumen ratio and the number of muscularized arterioles (\< 1,000 μm) were measured in 6 random microscopic fields. Some were directly immunostained with Alexa 488-stained Isolectin B4 (IB4) for endothelial cells, smooth muscle actin (SMA) for SMC and a NG2 antibody for pericytes (1:100, abcam). Other sections were immunostained with Notch3, PHD2, FSP-1 and TGF-β primary antibodies (1:200) followed by incubation with secondary antibodies conjugated with fluorescein isothiocyanate (FITC) or Cy3 (1:500). The area percentage of fluorescence was quantified by measuring 6 random microscopic fields containing at least one small pulmonary artery in the range of diameter from 250-500 μm using image-analysis software (Image J, NIH). Masson trichrome staining was also performed on adjacent sections to measure the degree of fibrosis.

Statistical methods {#s4_5}
-------------------

Data are presented as mean ± SEM. The significance of differences in the means of corresponding values between groups were determined using the Student t test. *P* \< 0.05 was considered to be significant.
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